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As the incidence of opioid-related fatal overdoses continues to
rise in the United States, new therapeutic strategies for opioid
use disorders (OUD) are needed. One proposed solution is active
immunization with anti-opioid conjugate vaccines, which
selectively reduce the effects of their target opioid through
production of drug-specific antibodies. As opposed to pharma-
cotherapies (e.g., methadone, buprenorphine, and naltrexone)
targeting opioid receptors in the brain, opioid-specific anti-
bodies operate through a pharmacokinetic mechanism by
sequestering the target opioid in serum and reducing its
distribution to the brain. Anti-opioid vaccines could provide
safe and cost-effective interventions that offer several advan-
tages over current small molecule medications: long-lasting
protection that reduces the burden of compliance; no abuse
liability or risk of diversion; and due to their selectivity, vaccines
do not interfere with endogenous opioids, or with nontarget
opioids prescribed for pain management or for treatment of
OUD. To improve clinical outcome, vaccines could be used in
combination with other medications for OUD.

Extensive preclinical studies have identified a series of lead
vaccines selectively targeting heroin, oxycodone, hydrocodone,
or fentanyl (e.g., [1-3]). Anti-opioid vaccines effectively reduce
distribution of the target opioid to the brain, and reduce opioid-
induced behavior, including drug self-administration, in mice,
rats, or nonhuman primates. Notably, vaccine efficacy in
reducing opioid distribution to the brain depends on the target
opioid, its dose, and route of exposure [2], highlighting the need
to consider variables such as patterns of drug use in study
design of clinical trials. Supporting a role for vaccines in
overdose prevention, vaccination reduces opioid-induced
respiratory depression and bradycardia, two significant factors
in overdose-related fatalities [4]. Additionally, anti-opioid
vaccines do not interfere with naloxone reversal of opioid
toxicity [4] and improve survival following a lethal heroin
dose [5].

Clinical evaluation of first-generation nicotine and cocaine
vaccines has shown that only a subset of immunized subjects
produced levels of drug-specific antibodies sufficient for

efficacy. Therefore, it is critical to optimize vaccine formulations
to maximize efficacy, to understand the immunological mechan-
isms underlying effective immune responses, and to identify
biomarkers predictive of individual variability. Multiple studies
have focused on vaccine design, including optimization of
hapten and linker chemistry, choice of carrier protein and
adjuvant, and development of novel carriers and delivery
platforms. Effective formulations of vaccines against heroin
have included the TLR9 agonist CpG [5] and liposomes
containing the TLR4 agonist monophosphoryl lipid A [3]. The
efficacy of an oxycodone vaccine was enhanced by shifting IgG
subclass distribution through inhibition of interleukin-4 signal-
ing, both indicating a pharmacological target for vaccine
development, and granting insight into mechanisms underlying
vaccine efficacy [6]. Additionally, the pre-immunization fre-
quency of hapten-specific B cell population subsets correlated
with vaccine efficacy, suggesting that subjects likely to generate
clinically effective opioid-specific antibody responses could be
identified prior to vaccination [7]. Accelerating the translation of
vaccines for OUD will benefit from rational design of more
effective vaccine components, development of clinically viable
formulations, and biomarkers supporting patient stratification.

Mounting preclinical data provide proof of selectivity and
efficacy for anti-opioid vaccines, demonstrating their potential to
treat OUD and reduce incidence of opioid overdoses. Testing
these vaccines in clinical trials is warranted.
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Several lines of evidence implicate serotonin (5-hydroxytrypta-
mine, 5-HT) in the etiology of mood disorders, including major
depressive disorders. Serotonergic neurons have long been
recognized as key contributors to the regulation of mood and
anxiety as the main target of serotonin selective reuptake inhibitor
(SSRI) antidepressants. The therapeutic effects of SSRls are initially
triggered by blockade of the serotonin transporter SERT increasing
local extracellular serotonin. Serotonin neurotransmission is tightly
regulated by autoreceptors (serotonin receptors expressed by
serotonin neurons) known to act through negative feedback
inhibition at the cell bodies (5-HT 5 receptors) of the raphe nuclei
or at the axon terminals (5-HTg receptors). Beneficial SSRI effects
rely on long-term adaptations that are, at least partially, ascribed
to a selective desensitization of somatodendritic 5-HT;5 auto-
receptors [1].

A positive regulation of serotonergic neurons by 5-HTy
receptors has been detected in mice. Local agonist-stimulation
of 5-HT,g receptors in dorsal raphe nuclei increased extracellular
serotonin suggesting a functional role of this receptor within
serotonergic neurons [2]. Expression of 5-HT,p receptors has been
detected in subset of serotonergic neurons albeit at low levels [3].
Both acute and long-term behavioral and neurogenic effects of
SSRIs are abolished in mice knockout for 5-HT,g receptor gene,
(Htr2b='7) or after exposure to selective 5-HT,g-receptor antago-
nists. Conversely, chronic stimulation of 5-HT,g receptors by
selective agonists mimicked chronic SSRI actions on behavior and
hippocampal neurogenesis, which were abolished in Htr2b™/~
mice [3]. Comparable lack of SSRI effects was recently reported in
mice knockout for 5-HT,g receptors only in serotonergic neurons
(Htr2b°*"™° mice) in which dorsal raphe serotonin neurons
displayed a reduced firing frequency, and a stronger hypothermic
effect following 5-HT, s-autoreceptor stimulation [4]. Cell autono-
mous effects were confirmed by the increased excitability of

serotonergic neurons observed upon raphe-selective 5-HTog-
receptor overexpression. Correlative findings have been described
in humans, in which expression of 5-HT,g receptors can be found
in brain stem and a loss-of-function polymorphism of 5-HTyg
receptors has been associated with serotonin-dependent pheno-
types, including increased impulsivity and suicidality [5].

Serotonin released within raphe nuclei is known to induce
feedback inhibition of serotonergic neuron firing activity by
stimulating dendritic 5-HT;, negative autoreceptors. Unlike soma
and terminals, the dendritic serotonin release is independent of
action potentials, relies on L-type Ca2+ channels, can be induced
by NMDA, and displays distinct sensitivity to the SSRI antidepres-
sants [6]. Dendritic serotonin release, and hence 5-HT,, receptor-
mediated autoinhibition, is thus engaged by excitatory glutama-
tergic inputs to the dorsal raphe, via locally triggered calcium
influx, rather than by neuronal firing. The unique control of
dendritic serotonin release has important implications for the
antidepressant action of SSRIs. The lack of 5-HT,g receptor in
serotonergic neurons is associated with a higher 5-HT;s-auto-
receptor reactivity and thus a lower activity of these neurons [4].
The excess of inhibitory control exerted by 5-HT; receptors in
Htr26>"™C mice may thus explain the lack of response to chronic
SSRI in these mice.

The serotonergic tone of raphe neurons and thus the SSRI
therapeutic effects likely results from the opposite control exerted
by 5-HT;5 and 5-HT,g receptors via a mechanism that remains to
be described.
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